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This paper -111 suxsc^rize the hingel- oa-rc+nr- 
research Investigations conducted at the NASA 
Langley Research Center- These investigations 
Include first,- an exploratory fljght-test program 
utilizing a thr-e -blade hirgele s rotor installed 
on an H-13 helicopter; and, second, the wind-tunnel 
testing of an aercelascl'nlly scaled research a odd 
Oi a hingeless -rotor helicopter simulated for- 
ward speeds up to 270 wph with luli-sca^e Teynclds 
number and Mach number simulation. The r hird area 
of effort deals vith the analytical treatment of 
the hingeless rotor. This work uus done to define 
the fundamental reasons behind the results obtained 
in the experimental invest? ^atxcns. 

The fligfat-teet -program result s illustrate 
the improved "'"trcl and damping char act er- 

i Stic a cf the hinge le si- rotor system and the 
influence of the increased laaneuverability on the 
rotor structural loads- The r. suits of the dynamic 
model wina- tunnel investigation Include a summary 
of the effect jn structural loads and dynamics of 
reducing rotor blade choT*ivipe stiffness to, the / 
level of the blade flapvi 1 ^ stiffness 


A^ blade longitudlr-ml cyclic pitch amplitude, 

radians 

slq rotor coning angle, radians 

b^ade lateral cyclic pitch amplitude, 
radians 

e blade actual rig^d offset, nondimensional 

I mass mcrert of inertia of blade about 

flapping hinge . Sxug-ft 2 

K pylon support sprag s-. lffness, lb/^n. 

*£ effective spring stiffness , virtual lag 

hinge, In- lb /radian 

M total hub moment, ft -lb 

M a longitudinal hub moment, ft -lb 

«B lateral hub moment, ft-lb 

M^p rotor advancing tip Mach numoer 

q aircraft pitching velocity, rad.ians/sec 

V velocity along flight path, spa 

v sim simulated full- seed e velocity along flight 
path, mph 


amplitude cf blade firsc harmonic flapping 
angle with respect to snaft axis, radians 

blade leek number 

blade cyclic pitch a: litude, radians 
blade collective pitch angle, radians 
blade twist . radians 


A inflow ratio 

p rotor tip ^pced ratio 

u>, s blade first bending mode, rxnrotating, 

natural frequency, cpm 

fi rotor rotational speed, rpo 

flyi normal operating rotor rotations’ spend , 

rpm 

introduction 

The renewed interest in utilizing hiageless 
rotors on the helicopter stems from the potential 
advantages that may be achieved in three principal 
areas. First, because of cantilever action of +he 
hingelesr blade system, large aircraft control 
moments are transferred directly from the rotor 
into the fuselage as a strong source of aircraft 
I Itching and rolling moment- This results in 
order-of -magnitude ovements in. the control- 

lab U tty and flying qualities of the helicopter. 
The second area of improvement stems from the 
opportunity to achieve substantial reduction in 
rotor hub drag. This drag reduction come* about 
as a result of the aerodynamic c .Leanness that may 
be achieved by the elimination of flapping and 
lagging hinges, In-plane ulade dampers, and asso- 
ciated hardware in the vicinity of the rotor hub. 
This reduction in complexity leads to a third area 
of improvement, whion is a substantial reduction 
in mechanical maintenance. 

The logical question that arises is: If the 

hingeless system looks to promising now, why nas 
its development been postponed for so long? As 
pointed out in reference 1, seme light car be sued 
on this question by considering a bit of history 
connected with an earlier nonarticulated or binge- 
leas system. In 1959* Langley flight tested a 
nonarticulated, stiff bladed "rigid" rotor 
(rtf. 2). One of the conclusions resulting from 
this investigation was that flexibility shoulf be 
introduced into the system. It is believed tha„ 
most and perhaps all past failures with "rigid" 
rotor systems involved attempts at preventing. 
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instead of incorporating; flexibility. Tr day's 
hingeiess rotor designs do not attempt to avoid 
flexibility bat, rather, varying amounts cf flexi- 
bility are used as a means cf alleviating high 
stress levels in the rotor system. 

Most of the recent research aud deveiojroent 
of the hingeless rotor principle has been carried 
out by Lockheed Aircraft Corporation, Boll 
Helicopter Coppery, and NASA- Lockheed, which has 
chosen the hiageless-rc .or helicopter as its entry 
into the helicopter fieid, is involv i In the 
development of what ts intended to be an optimized 
operational aircraft of th^s type (see ref. 3)* 
Bell's work on t^e hinge less rotor (ref. 4) has 
invol\ ed the use of a number of experimental rotor 
systems installed on existing helicopters to pro- 
vide research information. 

Because of its potential for contributing tc 
^he solution of some existing limitations of the 
articulated rotor system and the need for ur/lci - 
standing the fundamental advantages and restric- 
tions of the horseless system, NA3A- Langley has 
unde; tux.ee a reserrch program involving both 
flight and wind-tunnel invest igetiens- The prog- 
ress cf this vc* ^v. has been reported in refer- 
ences 1, 6, ana 7- The present paper will sum- 

marize the results to date and present sene of the 
gen^rcl structural ana dynamic characteristics of 
the hingeless- rotor system as determined from uh** 
flight and wind-tunnel investigations. 

Flight Te s*~ 

In orde* to begin exploratory' flight-test 
work with a hingeiess- rotor system, NASA purchased 
from Bell Helicopter Company a duplicate of au 
existing set of experimental hingeless-^rt ur com- 
ponents (see ref. 4). These rotor and centrox 
system components were installed on an Am/- 
supplied E-13G helicopter and a fl Lglit-test pro- 
gram was carried out at Langley. The test a. r- 
craft is srewn in figure 1. This aircraft wa. not 
intended to re an optimum design but was an avt li- 
able experimental vehicle which offered an oppoi - 
tunity to conduct a preliminary investigation of 
the hingeiess- rotor concept. 

During the program, data were obtained for 
various flight con lit ions throughout the forward- 
speed range. In addition to level-flight condi- 
tions data were obtained in autorotation, verlical 
descents, r -eep turns in level and auto^o,.ut* v*- 
flignt, maneuvers, ana slope takeoffs a..i 
landings. 

Instrumentation 

Since the principal innovation in the hinge- 
less system is the ability to transfer large 
moments from the rover system into the hub and 
rotor shaft, attention was focused on the measure- 
ment of the structural loads in this area. 

Details of the hub assembly are shown in figure 2. 
T he blade root, hub, rotor shaft and control link- 
ages were the primary components selected for 
s rain-gage instrumentation. Flight-test instru- 
mentation also included measurement of the 


aircraft's flyjnj qualities- This instrumentation 
included capability for measurement of aircraft 
center-of- gravity linear accelerations; aircraft 
angular-velocities in roll, pitch and yaw; and 
pilot's control positions. 

Control and ..esnonse 

While the documentation of the aircraft S s 
flying Qualities *as of secondary concern ii this 
particular program, zhe aircraft control and 
response will be discussed first in order to 
describe the general behavior of the response to 
pilot control and in order to form a basis for the 
later diccussion of the structural loads associated 
wit a the aircraft's resporse. 

M easured response .- The favorable flying qual- 
ities L“ r the hingeiess rotor bc*«;&ac quite obvious 
early 1 l the flight program* A sample illustra- 
tion of the improved characteristics is presented 
in figure 3. This figure, taken fro© reference 6, 
shows a time history of the aircraft's angular 
velocity in pitch produced by a longitudinal con- 
trol step input. The response of the hingeless- 
rotjr helicopter suovn oy tne solid line is very 
rapid vheD compared tc the response of an articu- 
lated rotor as indicated by the dashed line. 

This improvement In aircraft response is far 
nore significant than can be indicated in fig- 
gure 3(a). As pointed co„ in reference 6, the 
time lag of the hingeiess system, due to a ramp 
input in control, plus the time constant (the time 
required to reach 63 percent cf the steady- state 
value) ib of the order of two-tenths of a second. 
Because of the "tight" response of the hingeiess 
system, the riiot receives early and clear evidence 
of the angular velocity developed by the control 
motion. In contrast, the sample articulated rotcr 
rerponse is such that the pilot muse wait over 
1 second before the resulting steady-sta**-. angular 
velocity i: reached. 

The measured eo^tro 1 p^ver and damping (in 
pitch) of the hingeiess system is plot*' 1 in fig- 
ure Vbj relative to the hand! In/- qualities bound- 
aries of rr.erence 8. The hingele.,s rotor H-l^C 
fully r-^ts the minimum requi reuen 4 s end, in fact, 
por '-esses control power and damping values an 
order of magnitude greyer than conventional artic- 
ulated rr>+cio. Previous investigations by NASA to 
minimum desirable control and response 
characteristics (vef. 9) covered only the bottom 
corner of figure 3(b) shown as the lined and 
dotted areas. The calculated control power and 
damping cf the H-13G hingeiess rotor is also plot- 
ted in figure 3(b). ^ius pri.nt vaa calculated, 
using tho methods of referen e 10, assuming no 
control va-heut. Actually, the H-13G control 
system had a nonlinear washout of control input 
which was a function of pylon deflection. 

Another example of the improved flying quali- 
ties of this hingeiess r^tor is reflected in the 
fact that with no artificiax c+abilization devices 
nor a tail surface on the fuselage, the teat 
rotor- fuselage combination was stable througnout 
the speed range. The response of the helicopter 



to a pall -and -ho Id maneuver at 75 mph is shovn in 
fig’. re k for tvo different sprag mount stiffnesses. 
(The sprag mounts restrain the lower extremes of 
the rotor pylon which is essentially pivoted near 
tne aircraft center oi' gravity.) The time history 
of the normal acceleration is seen to be concave 
downward within 2 seconds for the hard sprag 
mounts and within slightly over 2 seconds for the 
soft sprag inounts. A short-period oscillation 
appears no be slightly more pronounced for the 
hard sprag mounts than for the soft sprag mounts. 
The stable response to a pull- and -hold maneuver is 
believed to be at least partially due to the 
results of an effective spring constant between 
the swashpiate and the pilot* s control. The 
flexibility in the rotor mast coupled with tbi 
elastic restraints at ;he lover end of the rotor 
mast result i.i the control system having ar. effec- 
tive spring between the control input and the 
swashniate. Miller has indicated the improved 
response; characteristics theoretically obtainable 
by the use of "rigid rotors." or flapping offset 
(ref. 11) or the use of spring and dampers in the 
control system (ref. 12). The combination of a 
hingeless rotor (resulting in an effective offset 
of approximately 12 percent) and the effective 
spring in the control system hfl% in this case, 
resulted In a helicopter with angle- of -attack sta- 
bility. The effect of a change in the sprag 
stiffness (or the control- system spring) has modi- 
fied the stability characteristics. 

Calculated control and damping moments .- It 
is frequently stated that the controi-jaament and 
damping -none nt capability oi the hingeless rotor 
may be achieved with an articulate:’ rotor with 
sufficient flapping hinge offset. It may be of 
interest to note in passing that theoretical 
examination sho* 3 there is no ouch thing as an 
equivalent flapping-hinge offset which represents 
all characteristics of a hinge less blade. A com- 
parison of the hub moments of the hingeless and 
articulated systems is shown in figure 5 as a 
function of blade offset. In figure 5(a) a com- 
parison of the hub total control moment per 
radian of blade cyclic pitch is presented as a 
function of actual blade offset e for a fixed 
blade radius and a conventional blade stiffness. 

In calculating the hub moments for the hinge less 
rotor the simplified methods presented in refer- 
ence 10 were used. This method utilizes an 
equivalent 'Virtual offset" hinged blade with a 
spring at the hinge which gives the approximate 
cantilever blade rirst flapvise bending mode shape 
and natural frequency. In order to clarify the 
terminology used in this paper is pointed out 
that the hub moments in figure 5 are compared on 
the basis of "actual" rigid offset (the offset of 
the blade flapping hinge in the case of the artic- 
ulated blade or the point of attachment of the 
cantilever blade in the case of the hingeless 
system^ Therefore, once an actual offset was 
assigned to the cantilever blade an equivalent 
hinged syttem with additional ’Virtual’ 1 offset 
and spring restraint could be determined. It has 
been assumed that the effective thrust vector 
tilt of the binge 1 ess and articulated rotor? is of 
second order, trains constant, and is roxi- 
mately equal for both types (ref. 10). -ue sa^e 


presentation is used in figure 5(b) for rotor 
pitch angular velocity damping moment and damping 
cross -coupling moment. 

Referring to figure 5, It can be seen that it 
would require approximately 15-percent offset for 
the articulated system to achieve tn- control- and 
damping -me men t capability of the hirgelesc system 
with a zero offset. If equ»l values of olfset are 
used for both Rystcms, the hingeless rutor pruvides 
gre-t-r hub moment capability over the range of 
practical offset values. In other words, for any 
given offset hinged rotor design, the simple 
removal of the hinge, changing the blade funda- 
mental mode from the pendulum mode to the canti- 
lever first bending mode results in an increase in 
moment capability. This is equivalent to supplying 
an additional 10 to 15 percent of effective offset 
to the original hinged rotor. This increased 
moment capability is accomplished with the likely 
prospoct of a decrease in hub drag and complexity- 

The influence of blade stiuc lui stiffness 
on the control moment and damping capability of 
the hingeless system is illustrated in figures 6(a) 
and 6(b), respectively. The variation of rotor 
hub ncndlmensional longitudinal control moment per 
radian of blade lateral cyclic pitch and the rotor 
hub damping moment per unit pitch angular velocity 
are presented (left-hand plot in ?igt>. b(a) and 
6(b)) as functions of rotor blade nonrotating 
first-mode flapwise bending- frequency ratio 

Curves are presented for three values of 

blade Lock number (which represents blade density). 
These calculations were based upon the use of an 
equivalent offset hinge blade with spring restraint 
at the hinge, which gave the cantilever ’first 
bending mode natural frequency and approximate mode 
shape (ref. 10). The cross coupling, or rolling 
moments, due to blade lateral cyclic pitch input 
and pitching velocity are shown in the right-hand 
plot of figures 6(a) and 6(b), respectively. 

Again the moments aio sh^wn as a function of oiade 
ronrotating first -bending -mode frequency ratio. 

A successful hingeless rotor can be expected 
to have a frequency ratio of 0.2 or less, which is 
approximately that of the first cantilever bending 
mode of curren" articulated rotor blade designs. 
Higher values of result in high bending 

stresses at the blade root because of lack of the 
centrifugal relief on a very stiff blade. Also as 
indicted > figure 6 there would he excessive 
croas coupling oi hub moments. The cross coupling 
associated with blade lateral cyclic pitch input 
can be eliminated by proper mechanical phasing of 
control input j however, the reduction of the cross 
coupling of angular velocity damping presents a 
more difficult problem. 

The simplest hlngele ,s blade design approach 
would he to provide a flexible blade with the 
lowest value of which would provide gen- 

erous control power and damping capability with 
minimum cross coupling. The blade flapwise flexi- 
bility will allow for the eentriiugai relief of 
large aerodynamic flapwise bending moments, thereb/ 
minimizing the blade flapwise bending stresses. 



St gctural Loads 

The general approach in the investigation was 
to sample all practical flight conditions in an 
effort to identify those conditions which required 
most immediate and detailed study of loads and 
dynamics. Hie structural 1 ouris data obtained 
during the flight program produced a number of 
interesting results. Prior to the flight program, 
it was anticipated that the stress levels in a 
number of structural components might be high and 
could perhaps limit the number of flight condi- 
tions investigated. For the most part, these high 
stress conditions did not materialize or could be 
avoided with proper pilot technique. 

Ground operation .- With the aircraft resting 
on the ground the rotor- shaft stress levels were 
strongly dependent on piloting technique. The 
hingeless rotors have the capability for producing 
very high rolling and pitching moments (even with 
zero collective pitch) as a result of very small 
cyclic stick displacements. Therefore, during 
ground run-up and lift-off, extreme care had to be 
exercised by the pilot to keep the cyclic stick 
centered. It was necessary for the pilot to 
anticipate the cyclic trim position during the 
transition from the ground to airborne condition. 
In this case it was difficult to avoid high rotor - 
shaft cyclic stresses. 

During slope lendings and take-offs the situ- 
ation was similar to the level ground condition 
but, in addition, it was necessary for the pilot 
to arrive at a level- attitude hover condition. 

This added to the difficulty of avoiding high 
rotor stress levels. However, it was determined 
that the best technique was to apply almost full 
collective control first to reduce the gear 
reaction on the ground prior to bringing the air- 
craft to a level attitude with cyclic control. 

The reverse control sequence was used in slope 
lan din gs. In addition to pilot technique, there 
are a number of available approaches toward the 
reduction of this stress problem, but it will 
require specific design attention. 

Flight loads .- The light structural loads 
encountered are c'-'ceidered in two categories - 
first, those measured in level fligat and, second, 
the loads measured in maneuvering flight. 

The level- flight structural loads in primary 
rotor components are summarized in figure 7. 
Although the test rotor was fabricated from stand- 
ard articulated components [ r xcepc for the hub 
itself), the measured loads experienced in level 
flight throughout the speed range were not above 
the design "fatigue limit" for these components. 
"Fatigue limit" is defined as the cyclic load 
amplitude which results ir a fatigue life equal 
to 10® cycles. Although 1 he pitcu link loads 
appear to be the largest in magnitude in figure 7, 
they were not considered to be unusually high. 

The m a xim um continuous cyclic pitch link loads 
during transition were on the order of ±00 pounds 
with a zero mean load. It is important to bear in 


mind, too, that the order of importance Implied in 
figure 7 for the several components doer not 
represent the overall results of this study. 

During the test program, structural loads 
were monitored carefully as the flight envelope 
was expanded in order to assure safety ot fliglit. 
As the program progressed, it became apparent that 
by utilizing the improved maneuver capability of 
the hingeiess-rotor system high s ructui al loads 
were induced. In general, the high loadings were 
not of a critical nature, and the Increase in load 
level with severity of the maneuver vas certainly 
not unexpected, e Facially with regard to rotor 
shaft and blade flapwise bending moments. How- 
ever, the structural loading of most concern 
turned cut to he the "in-plane' 1 or chordwise 
bending moments induced in the rotor blades. The 
amplitude of the rotor blade- chordwise cyclic 
bending moment was very sensitive to maneuvers in 
which high aircraft angular 1 'elocities were 
developed. In some instances the amplitude of 
this loading expanded well beyond the structural 
fatigue limit, during pitch and roll maneuvers 
that were well within the capability of the air- 
craft. The buildup of cyclic chordwise bending 
moment with angular velocity occurred in pitch and 
roll maneuvers throughout the speed range. This 
is illustrated In figures 8 and 9 where sample 
time histories of the blade cyclic chordwise 
bending moments are presented for a hovering 
maneuver and a maneuver at a forward speed of 
80 mph. The sample loads measurements presented 
in figure 8 (ref. 6) are for a hovering maneuver 
wherein the pilot executed a longitudinal control 
step displacement recovery. During the period 
of max. mum anguJnr velocity, the buildup of the 
cyclic chordwise ben ling moments reaches a maximum 
of plup and minus JO 000 inch-pounds, which is 
at^ve the structural fatigue limit of the bla^e. 

It should be pointed out taut a large portion of 
the steady or ncun chordwise bending moment 
(aTjpro/Imately 20,00C inch-pounds) for this rotor 
Dlade is due to the t lade enter-of-gravlty axis 
being noncoincident with tie neutral axis of the 
blade. 

The oscillatory flapwise bending moment 
increases during the recovery maneuver, but does 
not show the degree of sensitivity to the maneuver 
exhibited by the chordwise bending moment. The 
flapwise bending moments are measured ^rora the 
nonrotating droop load condition; th » the 
mean flapwise moment In flight is av»; . a, ely a 
zero steely moment condition. 

The rotating mast moments during ’ initial 
portion of the maneuver do not build u * to the 
application of a control moment because tne ini- 
tial control moment cancels a moment due to some 
minor center-of-gravity offset. However; during 
the recovery, v^ere the control moment and the 
offset center-of-gravity momrut add, the cyclic 
mast moments reach a maximum during maximum angu- 
lar acceleration. It appears from this result 
that careful design consideration will be required 
to provide large allowable center-of-gravity travel 
in conjunction with fall maneuver capability. 


The situation at a forward speed of 30 mph in 
a l*5g turn is shown in tigcre 9. Again the choid- 
vise bendirg, moment shows thu large buildup with 
angular velocity, in this cast' to an amplitude of 
35,000 inch-pounds, and again above the structural 
fatigue limit. Continuous operation at this load 
level would result in a 10-hour fatigue life for 
this rotor blade. In contrast to the load*. meas- 
ured in hovering and maximum forward- spe ed maneuver 
conditions are the loads measured during the ra&neu 
vers performed in autorotation starting at 5C mph. 
Tnis case is shown in figure 10 and there is a 
complete lack of buildup in chordwise bending- 
moment amplitude during the maneuver, even though 
an angular velocity of 0.4 rad/sec was obtained. 

This large change in chord load maneuver sen- 
sitivity with flight condition presented a very 
interesting situation vhien required an under- 
s+ nding of the fundamental factors involved. To 
understand this potential problem area an analyti- 
cal treatment was undertaken. Theoretical analysis 
of the on dilatory ch;dwise bending moments during 
maneuver conditions va s performed using an equiva- 
lent offset flapping hinge rotor with spring 
restraint. The results of this analysis indicated 
that for a given configuration the blade oscilla- 
tory chordwise bending moment buildup during 
maneuvers is primarily dependent upon chordwise 
stiffness, collective pitch, bl/ .e flapping, and 
coning deformation. 

Mc “- K e , L 7 (F + 5 + S) + 2a °]^ (1) 

Therefore, in this autoroUvtion with low collective 
pitch and reduced flapping, the oscillatory moment 
during the maneuver would be predicted to be sub- 
stantially reduced as was the actual case ir. 
figure 10. 

As noted above, the amplitude of the blade 
chordwise bending moment is proportional to blade 
chordwise structural stiffness K^, and this 

offers a means of alleviating the chord lead sen- 
sitivity to maneuvers by reducing the blade chord- 
wise stiffness. A demonstration of the feasibility 
of reducing blade structural loads by reduced 
chordwise stiffness will be included in the fol- 
lowing discussion of hingeless- rotor dynamic model 
wind-tunnel test results. 

Dynamic Model Investigate 

As part of the hiugele s B-rotor research pro- 
gram, Langley has taken part in a cooperative 
effort involving D.S. Army-TRECOM, Lockheed 
Aircraft, and HAM, This program has involved the 
design, construction, and wind-tunnel testing of 
a 1 /3-scale hinge less-rotor helicopter model, 
which was aeroelastlcally scaled. The program has 
proceeded in three phases. The first-phase 
testing was done in Langley 30-Foot by 60-Foot 
Full-Scale Tunnel and the second- and third-phase 
testing was done in the Langley l6«Foot Transonic 
Dynamics Tunnel. The initial results and analysis 


of the first- and second-phase testing will be 
published in reference 13. 

A considerable number of dynamic configv ra- 
tions have been tested during the program. 

Research information of general interest resulting 
from the program includes complete structural load 
and aerodynamic lata for the various roto~ config- 
urations. Rotors tested included those with 
twisted and untwisted blades; 3 ~> 4-, and 6-blade 
rotors; and variations in blade flapwise and chord- 
wise stxffness and stiffness distribution. Each 
of these configurations was tested through a 
forw rd- speed and load-factor g range simulating 
helicopter, unloaded rotor, and compound heli- 
copter operation. 

Model and Instrumentation 

A schematic of the model and support system 
is shown in figure 11. The model rotor is 10 feet 
in diameter and the fuselage is supported on a 
soft spring mounting above the t unn el balance 
system. In the l6-Foot Transonic Dynamics Tunne.l 
a special six-component strain-gage balance was 
usad instead of the normal tunnel sting balance 
arrangement. Ir the Fnll-Scale-Tunnel nesting the 
tunnel balance system was used. 90-horsepower 
electric motor drive system was installed within 
the fuselage of the model and the model was 
restrained in yaw to provide the rotoi antitorque 
moment. The model was essentially "flown" in the 
tunnel rom u remote console where collective 
pitch, cyclic pitch, and model attitude control 
inputs were made. 

In addition to the six-c )mponent balance data 
available, the model was fully instrumented to 
obtain strucou^ " loads, vibration, and control 
position data. his instrumentation included the 
following. 

Blade flapwise bending moments 

Blade chordwise bending moments 

Blade torsion 

Blade pitch position 

Pitch link loads 

Swashplatc position 

Rotor shaft torsion 

Body accelerations (3 components) 

Body pitch and roll moment 
Body angle of attack 

The balance data were recorded on punchcards and 
simultaneously all model instrumentation output 
was recorded on an oscillograph or magnetic tape. 

Results 

Phase I .- Seven rotor configurations were 
tested in the Langley 30-Foot by 60-Foot Full- 
Scale Tunnel. These tests covered a simulated 
speed range from hovering to 130 miles per hour 
and load factors up to 

A photograph of the model installation in the 
tunnel test section is shown in figar? 12. The 
rotor configurations tested were all 3 b laded and 


the blades were of wide chord giving a rotor solid- 
ity of 0.12. The testing in the Full-Scale Tunne) 
was done to study a variety of rotor dynamic con- 
figurations at low and moderate forward speeds 
prior to testing selected configurations at high 
forward speed in the Transonic Dynamics Tunnel. 

The model was properly scaled in all respects 
except Mach number and Reynolds number for the 
phase X testing. 

Seme of the highlights of the structural loads 
results are shown in f igurt s 13, lV, and 15- In 
part (t-.) of each figure curves are shown for three 
rotor configurations in 1 g trimmed flight condi- 
tions. One configuration represents conventional 
blade design with a blade cantilevered from the 
rotor hub which had a very high chordwise stiffness 
relative to its flapwise stiffness. The second 
configuration was the same blade with a reduced 
chordwise stiffness at the root achieved by using 
a flexible drag link- The stiffness of the drag 
link was such that the static deflection of the 
blade tip under a tip load was equal in both the 
flapwise r.nd chordwise direction. The third con- 
figuration was a blade in which the chordwise 
st uctural stiffness along the entire blade was 
equal to the flapwise blade stiffness. 

The variation in oscillatory blade torsional 
load throughout the speed range is shown in fig- 
ure 13(a). The corresponding variation in the 
magnitude of cyclic flapwise bending moment is 
shown in figure i^(a) . In this cape the first 
harmonic content of the flapw5.se moment was sub- 
ject to some inaccuracy at the higher speeds due 
to the model being slightly out of trim. 

From the standpoint of structural loads, the 
most significant result of the phase I testing is 
shown in ^figure 13(a) which shows the amplitude of 
cyclic chordwise moment at the blade root for 
lg *light over the simulated speed range. As 
indicated in the figure there is a large increase 
in chordwise cyclic load with increasing speed for 
the conventional blade (that is, for a blade with 
high chordwise stifr.icm and low flapwise stiff- 
ness). The chordwise stress levels reached on the 
convention^ blade were excessive for continuous 
operation. By using a flexible drag link at the 
blade root to reduce the blade chordwise stiffness 
to match the flapwise stiffness a large reduction 
in chordwise cyclic loading was obtained over the 
entire speed range. An even greater reduction in 
the loads was achieved by matching the chordwise 
stiffness to the flapwise stiffness along the 
entire blade. Here again the Introduction of 
flexibility has led to load reduction and this 
method of reducing chordwise loading shows promise 
of offering the solution to the problem of high 
cyclic chordwise moments experienced In the flight- 
test maneuvers mentioned in the first part of this 
paper (figs. 8 and 9)* As indicated in equa- 
tion (l) and demonstrated in the wind-tunnel-test 
results the blade cVrdviso stiffness is a 

primary factor in determining the magnitude of the 
chordwise cyclic loading. 


While the results presented in part (a) of 
figures 13 > 1^, *nd 15 are for 1 g flight, the 
effects of variations load factor were investi- 
gated and the results are pre rented in part (b) of 
figures 13, I 1 **, and 13* \n indicated In fig- 
ure 15(b), large redu~, : „ jt , } blade chordwise 
cyclic loading were egaiu obtained with the intro- 
duction of chordwise flexibility 

Phase U .- Following eoraplet-ior >f the model 
tests in the Full-Scale Tunnel at Emulated forward 
speeds up to 120 mph, the model was nested ir the 
Langley l6-Foot Transonic Dynamics Tunnel. In 
these tests the model was retaliated and tested in 
Freon at a density of 0.008 slw; per cubic foot 
and complete dynamic and aerodynamic scaling was 
achieved including Mach number and Reynolds number 
similitude. The model is shewn installed in the 
Transonic Dynamics Tunnel in . igure lb. The basic 
configuration tested was t bft 3-blade rotor with 
matched root stiffness. Aerodynamic and structural 
load data were obtained wi ib simulated forward 
speeds from 6o to 2^*0 mph and tip Mach number up to 
0.91* Helicopter, unloaded rotor, and compound 
helicopter modes of operation were sampled. Chord- 
wise cyclic load data obtained are *huwn in fig- 
ure 17. This figure aloo includes the corre- 
sponding data obtained in the Full-Scale Tunnel 
(fig. 15) for comparison purposes. A beneficial 
influence of blade twist is also indicated in this 
figure. This beneficial influence of blade twist 
on chordwise cyclic load was also noted at the 
higher forward speed runs during the Full-Scale 
Tunnel tests of twisted and untwisted conventional 
blades . 

Due to the fact that the rotor had been 
designed to enable wide variations in dynamic char- 
acteristics, a mechanical configuratio:* resulted 
which was aerodynamically unsuitable and in seme 
configurations had excessive structural damping; 
therefore the data for the phase II testing were 
not representative of an optimized design. There- 
fore, ohe third phase of testing was undertaken to 
obtain refined dynamic and aerodynamic information 
at more extreme conditions. 

Phase HI .- In the third phase, which was 
recently completed, the model was again tested in 
the Transonic Dynamics Tunnel - The blade and rotor 
hub design was optimized for low drag and the 
blades were of more convent! nal aspect ratio and 
the blade flapwise and chordwise stiffness were 
approximately matched along the entire blade. 

Rotors with 3> and 6 blades were tested with 
rotor solidlt5.es of 0.06 , 0.08, and 0.x2, respec- 
tively. The 3* &nd J )-blade model configurations 
are shown in figures 18 and 19* The four-blade 
model was considered &3 the basic test configura- 
tion. As in the previous tests, structural loads 
and performance data were obtained fov a range of 
load factors and forward speeds in the helicopter 
and unloaded rotor mode of Operatljn. The fol- 
lowing iistir ^ represents the maximum operating 
conditions reached in u.. loaned rotor configu- 

ration for the ^-blade rotor configuration. 
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.88 

•72 
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•71 

■79 
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ftjj - normal simulated helicopter 
operating rotor speed 


The data obtained in the third phase of 
testing are currently being reduc.i and analyzed, 
and are v .o be reported in the future; however, 
from the preliminary results noted as the te:L 
proceeded, the "optimized" rotor design vi + h the 
Irrf chord wise stiffness blades s v ws considerable 
promise from ihe standpoint of structural joads, 
^ibraulcn, ar.d performance. This is not intended 
bo imply that problems have been saiiofa 
rlly solved, but rathe* that the hingeless rotor 
has been successfully operatea ao c^ditions which 
vex*e more exti'eme in regard to combined 
pressure and Mach number than any known tests in 
the past. 

Additional observations - One of the areas 
which requires careful invest, gat ion in reference 
to t xe reduced chordwise stiff, ess blade design is 
the ground resonance phenomenon. Due to the fact 
that the blade "in-plane" first bending mode 
natural frequency falcs below normal operating 
rotor spe.ci, a coupling of the in -plane blade 
oscillation with body *itch or roll oscillation 
may occur during run-up or shutdown of the rotor. 
This problem is the dynamic equivalent of classi- 
cal "ground resonance" experienced with hinged 
rotor systems. The solution Id the case of the 
hinged system required the addition of blade lag 
dampers and landing-gear dampers to stabilize the 
coupled oscillations of the rotor and body. 

An extensive theoretical analysis of the 
ground resonance phenomenon for the hingeless 
rotor has been carried out ii. reference 14. This 
analysis included rotor aerodynamics; the results 
of this work, presented in reference 15, indicate 
that the coupled vibration mode can be stabilized 
without addition of artificial damping. During 
the third phase of model testing in the Transonic 
Dynamics Tunnel, limited ground resonance testing 
was conducted in ail with the model ballasted for 
testing in Freon. This resulted in a dynamic sim- 
ulation where aerodynamic forces were dlminshed 
by approximately 60 percent. Under these condi- 
tions, cases of unstable "ground resonance" were 
encountered. In order to assure safe operation ir. 
the tunnel the body pitch and roll frequencies 
were adjusted to eliminate unstable resonance when 
operating in air. Operation still involved 
passing through a bod/ pitch frequency at low 
rotor speed, which theoretically represented a 
jround resonant condition. Subsequent operation 
in Freon was carried out without experiencing 
unstable ground resonance. A thorough study of 
the ground resonance problem w .s not undertaken 
during the tunnel program to determine, experi- 
mentally, the role of rotor aerodynamics, blade 
stiffness, and control feedback; however, work of 


this type i ■ tentatively being planned using the 
hingeless-rt tor dynamic model. 

Concluding Remarks 

In general, the flight -re search and wind- 
tunnel investigations carried out to date on the 
hingele^t -rotor principle have been very encour- 
aging and L<*ve indicated definite promise of 
improvements i j be obtained by proper application 
of the principle. The hingeless-rotor system will 
undoubted!);, 1c subject, in some degree, to many of 
the probl- V.v the various articulated rotor 

systems in addition oO some problems of its own. 
There' are many wayo open to cope with these prob- 
lems with proper d 3 sign attention based upon suf- 
ficient research information. Therefore, research 
investigations to ompletel: define the advantages 
and limitations cf the principle, and solutions to 
problem areas should proceed in an orderly manner. 
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Fig; ire Control- response and handling- qualities comparison ol 

ningeless-rotor helicopter and conventional hinged-rotor helicopter 
in hovering flight. 
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Figure 4.- Effect of pylon restraint stiffness on response to a pull and 

hold maneuver entered at 75 mph. 
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STICK DEFLECTION 



Figure 8.- Structural -loads time history during longitudinal maneuver and 
recovery vith hingeless- rotor helicopter in hovering flight. 




Fig-are 9*- Structural- loads time history during xateral maneuver with 
hingeless-rotor helicopter in level flight at a forward 5 ueed of 
80 mph. 




Figure 10.- Structural-loads time history during lateral maneuver with 
hingeless-rotor helicopter in autorotation. (Entry speed 50 mph.) 







Hingeless-rotor dynamic model in Langley JO-foot by 60-.foot 
full-scale tunnel. 



V=I20 MPH 
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Figure 13.- Effect of blade chordwise stiffness on blade torsional 

cyclic load. 





'igure 14.- Effect of blade chordwise stiffness on blade flapwise 

cyclic load. 





Figure 1 6 .- Three-blade hingeless-rotor dynamic model in Langley 
l6-foot transonic dynamics tunnel, (Solidity = 0.12.) 
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Figure 19 .- Four-blade hinge less-ro tor dynamic model in Langley 
l6-foot transonic dynamics tunnel. (Solidity = 0.08.) 





